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This paper describes the applicability of a method, proposed by Noto (1991a), to the prediction of the settlement of a peaty ground from an
engineering viewpoint. The settlement of peaty grounds cannot be fully explained by Terzaghi's theory. Noto proposed a method for predicting
the settlement behavior in peaty grounds on the basis of the statistical analyses of numerous oedometer test results. For the purpose of verifying
the applicability of the Noto method, data on the settlement of full-scale test embankments, built in Hokkaido, Japan, were compared with
predictions obtained by this method. The comparison quantitatively revealed the primary consolidation rate and the coefﬁcient of secondary
consolidation of the peaty ground as well as the prediction accuracy of the Noto method.
& 2016 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Peat, which forms when undecomposed plant remains are
deposited under conditions of low temperature or high
humidity, is a problematic soil. Peaty grounds are widely
distributed in the cold regions of North America, Europe and
Asia, as well as in Southeast Asian countries such as Indonesia
and Malaysia (Lappalainen, 1996). Since peat is very soft, the
consolidation settlement of road embankments or river levees
constructed over peaty grounds (Fig. 1) poses a serious threat
(e.g., Kurihara et al., 1993).
Previous studies, based on laboratory tests, have discussed
that the consolidation behavior of peat is signiﬁcantly different
from the consolidation behavior of clay from a microscopic0.1016/j.sandf.2016.01.012
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der responsibility of The Japanese Geotechnical Society.perspective (e.g., Oikawa, 1987; Noto, 1987; Mesri and
Ajlouni, 2007). According to these studies, it is difﬁcult to
accurately predict the settlement behavior of peaty grounds,
particularly in terms of temporal changes, with Terzaghi's
theory (den Haan, 1993; Kogure, 1998).
In Noto (1991a), the results of more than 2000 oedometer
tests on peat were statistically analyzed from a macroscopic
perspective, and a novel method for predicting the settlement
of peaty grounds (i.e., the Noto method) was proposed. Since
peat is heterogeneously deposited in the ground (Noto, 1991b),
and thus, the use of a theoretical approach is difﬁcult, the Noto
method is useful as a realistic means of settlement prediction.
With the aim of providing helpful information to engineers
for practical works on peaty grounds, this paper shows data on
the settlement of full-scale test embankments built on a peaty
ground in Hokkaido, Japan, as well as analyses of the data
from an engineering viewpoint. In addition, the values
calculated by the Noto method are compared with theElsevier B.V. All rights reserved.
Fig. 1. Typical differential settlement of road embankment constructed on
peaty ground.
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the practical applicability of the Noto method.2. Noto method for predicting settlement of peaty ground
The process for developing the Noto method and the test
data used in that process are fully shown in Noto (1987) and
Noto (1991a). Since the purpose of this paper is to verify the
applicability of the Noto method from an engineering perspec-
tive, on the basis of ﬁeld data on the settlement of a peaty
ground, the main portion of the results from the tests that Noto
(1991a) performed is presented in this paper.
Fig. 2 shows an example of the relationship between the
ﬁnal strain in primary consolidation, obtained from oedometer
tests (εf), and the water content (W) of peat. It can be seen that
εf increases with increases in the W of peat, and that the
relationship between εf and W depends on the consolidation
pressure. Eq. (4), described later, approximates the relationship
of the experimental results shown in Fig. 2. Fig. 3 shows an
example of the relationship between the slope for the temporal
changes in compressive strain rate (i.e., α which is detailed in
Section 4) in the primary consolidation and W. Based on the
results shown in Fig. 3, the Noto method assumes α to be a
constant value of 0.62, which is used as a coefﬁcient in
Eq. (1). The Cp, which is expressed by Eq. (5), is a coefﬁcient
related to the primary consolidation rate. Cp is derived from
both the results shown in Fig. 3 (α¼0.62) and the similarity
law with the thickness of peat being between that of the
laboratory sample and that of the ﬁeld. It was also revealed that
the coefﬁcient of secondary consolidation (Cα) increases
linearly with increases in the W of peat, based on the
laboratory and ﬁeld data. Eq. (6) is derived from the
approximated relationship of the experimental results. As
brieﬂy summarized above, the characteristics of consolidation
for peat (i.e., primary and secondary consolidation) can be
approximately explained using the consolidation pressure, the
water content and the thickness of the peat.
In this way, the Noto method is developed to predict the
settlement of a peaty ground, led by the approximaterelationship between the consolidation properties obtained
from oedometer tests and the water content of the peat. The
detailed procedure of the Noto method is given below.
The Noto method assumes the temporal changes in the
settlement of a peaty ground, as shown in Fig. 4. The primary
consolidation process is represented by a curve in this ﬁgure
(i.e., Eq. (1)). It ceases at time ts, which is calculated by
Eq. (2). Following the completion of primary consolidation
(i.e., after time ts), secondary consolidation, having a linear
relationship to the logarithm of time, as expressed by Eq. (3),
takes place.
Settlement in the primary consolidation region, Sp (cm):
Sp ¼ ðεf=ð1þCp  t0:62ÞÞ  H ð1Þ
where εf is the ﬁnal strain in primary consolidation, Cp is the
coefﬁcient of the primary consolidation rate, t is the given time
(days) and H is the initial thickness of the peat layer (cm).
Time when primary consolidation ceases, ts:
ts ¼ 0:0055 H2 ð2Þ
where the dimension of the constant (0.0055) is day/cm2.
Settlement in the secondary consolidation region, Ss (cm):
Ss ¼ SpfþCα  H  log t=ts
  ð3Þ
where Spf is the settlement at the time when t¼ ts in Eq. (1)
(i.e., the total settlement due to primary consolidation) and Cα
is the coefﬁcient of secondary consolidation (%).
The coefﬁcients used in Eqs. (1) and (3) are calculated by
the following equations, for which P is the incremental load
due to the embankment (kN/m2) and W is the water content of
the peat (%).
εf ¼ 1=ð1þð2:74 104=ðW  P0:8ÞÞÞ ð4Þ
Cp ¼ 0:0044 H1:25 ð5Þ
Cα ¼ 3:3þ0:0043 W ð6Þ
In the Noto method, the settlement, including secondary
consolidation and the temporal changes in settlement, can be
easily calculated on the basis of the known values for the water
content of peat, the peat layer thickness and the incremental
load due to the embankment. As peat is heterogeneously
deposited in the ground (Noto, 1991b), many tests and large
expenses are involved in accurately determining the soil
parameters that are applicable to the conventional methods of
settlement prediction. The costs necessary for settlement
prediction by the Noto method are very reasonable, because
the tests required to determine the soil parameters are simple.
Generally, the consolidation behavior of a soft ground depends
on the compressibility and the permeability of the soil, as well
as on the boundary conditions of the ground. As the Noto
method is composed of the experimental equations obtained
from tests on peat, it is noted that the method should be applied
only to peaty grounds.
Fig. 2. Example of relationship between water content and ﬁnal strain in primary consolidation obtained from oedometer test results for peat (after Noto (1991a))
(a) P¼40 kN/m2, (b) P¼80 kN/m2 (c) P¼160 kN/m2. εf: ﬁnal strain in primary consolidation, P: consolidation pressure.
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verifying the applicability of the Noto method
In this section, the settlement values of a peaty ground
measured in full-scale test embankments are compared with
the values calculated by the Noto method to verify the
applicability of the Noto method.
3.1. Sites used for settlement observation
Full-scale test embankments were built at three road
construction sites in Hokkaido, Japan, namely, Mihara,Kushiro and Iwanai. Fig. 5(a)–(c) shows the cross-sections
of the embankment and the subsoil proﬁles at the three sites.
Although settlement measurements were taken for each soil
layer at the Mihara site, the settlement that took place in the
2.4-m-deep peat layer, directly beneath the embankment, is
addressed in this study. At the Kushiro and Iwanai sites, a bed
of gravel that does not occur to the consolidation settlement
underlies a peat layer. At these three sites, the settlement was
measured at the center of the embankment; and thus, the
measured values are considered to roughly represent the one-
dimensional settlement behavior. A conventional leveling
survey, with the accuracy of 71 mm, was used for the
Fig. 3. Example of relationship between water content and α obtained from
oedometer test results for peat (after Noto (1991a)). α: slope of straight line
relationship between log(Δε/Δt) and log t in early phase of consolidation.
Fig. 4. Concept of peat settlement curve (Noto method).
Fig. 5. Cross-section of embankment and subsoil proﬁle at each site.
(a) Mihara site, (b) Kushiro site, (c) Iwanai site. ρt: bulk density, Wn: natural
water content, WH: groundwater level.
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the discussion in this study.
The natural water content necessary for determining a
parameter used for the Noto method was obtained by the
following procedure. Firstly, a disturbed sample of peat was
collected near the location of the settlement measurement at
each site with a peat sampler. Then, water content tests (JIS A
1203) were performed to measure the natural water content of
the samples. At the Mihara and Kushiro sites, whose peat
layers are relatively shallow, the water content was tested
every 0.5 m along the depth. At the Iwanai site, whose peat
layer is relatively thick, the same test was done every 1 m
along the depth. Since the Noto method was developed based
on the approximate relationship between consolidation proper-
ties and the water content of the peat, the mean value of the
varied water content was used as a parameter.3.2. Comparison of measured and calculated settlement
Fig. 6 shows a time history of the settlement of the peat
layer at the Mihara site in terms of the measured values and the
values calculated by the Noto method. The settlement calcu-
lated by the Noto method is in good agreement with the actual
settlement; thus, the Noto method is highly applicable. The
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Fig. 6. Time history of embankment construction and peat settlement at
Mihara site.
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Fig. 7. Time history of embankment construction and peat settlement at
Kushiro site.
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Fig. 8. Time history of embankment construction and peat settlement at
Iwanai site.
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Section 4.
A time history of the peat layer settlement, in terms of the
measured values and the values calculated by the Noto
method, is shown in Figs. 7 and 8 for the Kushiro and Iwanai
sites, respectively. At the Iwanai site, the embankmentconstruction was performed in two phases (Fig. 8); thus, the
settlement was calculated with the following procedure.
Firstly, the settlement in the ﬁrst phase was calculated based
on the initial thickness of the peat layer, the water content and
the embankment loading of the ﬁrst-phase construction. The ts
in the ﬁrst phase was determined from the initial thickness of
the peat layer using Eq. (2). Next, the settlement in the second
phase was calculated based on the thickness of the peat layer,
which takes the consolidation of the ﬁrst-phase construction
into account, the water content and the embankment loading of
the second-phase construction. The ts in the second phase was
determined from the thickness of the peat layer by subtracting
the settlement value in the ﬁrst phase from the initial thickness
using Eq. (2). Finally, the settlement curve obtained from the
initial calculation was connected to that of the second
calculation.
The settlement rate calculated by the Noto method is in
good agreement with the actual settlement rate at these sites as
well, which indicates the excellent applicability of the Noto
method. At the Kushiro site, the peat layer is relatively shallow
and the distance of the consolidation drainage is short. Thus, it
is likely that primary consolidation is completed in a relatively
short time. Although it is difﬁcult to analyze the ﬁeld
settlement data by clearly distinguishing the primary consoli-
dation from the secondary consolidation, the data obtained in
the latter period of the measurements are considered to
represent the secondary consolidation behavior. This point
will be discussed in Section 5.
Fig. 9 shows the relationship between the measured and the
calculated settlement for the time when the embankment
construction was completed and when the ﬁnal measurements
were taken at the three sites. It is shown that the Noto method
is accurate, having a margin of error of 710%. In
H. Hayashi et al. / Soils and Foundations 56 (2016) 144–151 149consideration of the heterogeneous deposition of a peaty
ground, the high prediction accuracy of the Noto method is
due in part to the fact that the mean value used in the method is
based on multiple values of natural water content taken at
various depths near the settlement’s measurement point at the
three sites. The number of samples for the water content tests
was 15 at both the Mihara and Kushiro sites and 18 at the
Iwanai site.
The coefﬁcients calculated by the Noto method for each site
are listed in Table 1. The effects of the distribution of the water
content on the sensitivity of the coefﬁcients are also presented
in this table.4. Primary consolidation rate
According to Terzaghi's theory, the degree of consolidation
in the early consolidation phase is linearly related to √t (t:
time). In other words, the relationship between time and the
consolidation rate in the early consolidation phase is linear on
a double logarithm plot, and the slope of the linear relation (α)
is – 0.5. Based on oedometer tests for peat (W¼662–808%),
Oikawa et al. (1995) showed that the α of peat was within the
range of 0.55 to 0.9, a smaller value than that calculated
according to Terzaghi's theory. This means that the primary
consolidation rate of peat is higher in the early phase and lower
in the later phase in comparison with the rate based on
Terzaghi's theory.0
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Table 1
Summary of results calculated by the Noto method.
Site Mean Wn (%) of peat (distribution
of Wn)
Thickness of peat layer
(cm)
ts (days
Mihara 300 (Unknown) 240 317
Kushiro 620 (614–753) 260 372
Iwanai 320 (195–480) 580 1850The hydraulic conductivity of peat before consolidation is
much higher than the hydraulic conductivity of clay, and it
markedly decreases as consolidation progresses (Hayashi et al.,
2008). Terzaghi's theory assumes the hydraulic conductivity to
be constant, but this assumption does not apply to the
hydraulic characteristics of peat. This is likely to be a reason
for the failure of Terzaghi's theory in predicting the actual
settlement behavior of peat. Yamazoe et al. (2011) conducted a
ﬁnite element analysis using an elasto-plastic model, and the
analysis results showed that the consolidation-pressure depen-
dency of the hydraulic conductivity of peat affected the
consolidation rate of peat.
Next, the relationship between the primary consolidation
rates of the measured settlement in test embankments and
those of the Noto method is discussed. It is difﬁcult to analyze
the ﬁeld settlement data by clearly separating primary con-
solidation from secondary consolidation. However, the Noto
method simpliﬁes the calculation by distinguishing primary
consolidation from secondary consolidation for practical con-
venience. Thus, the settlement behavior before the secondary
consolidation, described in Section 5, is regarded as the
behavior of primary consolidation for the analysis explained
below. As typical analysis results, changes with time in the
compressive strain of peat (ε) and the rate of compressive
strain (ε ̇) at the Kushiro site are shown in Figs. 10 and 11,
respectively. In these ﬁgures, ε and ε ̇ correspond to the degree
of consolidation and the rate of consolidation, respectively. In
the equations below, S is a measured settlement of the peat
layer, H0 is the initial thickness of the peat layer, εiþ1εi is) Primary consolidation Secondary consolidation
Cp εf (Sensitivity by Wn
distribution)
Cα (%) (Sensitivity by Wn
distribution)
4.156 0.219 4.6
4.594 0.591 (0.573–0.622) 6.0 (5.9–6.5)
12.524 0.252 (0.171–0.336) 4.7 (4.1–5.4)
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H. Hayashi et al. / Soils and Foundations 56 (2016) 144–151150the difference in the value of ε between two consecutive
measurements and tiþ1 ti is the time interval between two
consecutive measurements.
ε¼ΔS=H0 ð7Þ
ε ̇¼

εiþ1εiÞ= tiþ1 tið Þ ð8Þ
The value for α (i.e., slope of the straight line relationship
between log ε ̇ and log t in the early phase of consolidation) in
the primary consolidation region of the settlement measured at
the Kushiro site is 0.65. The value for α was also calculated
for the other two sites in the same manner as for the Kushiro
site. Fig. 12 shows the relationship between these three values
for α and the water content of peat. The values for α, obtained
from the measurement data, are within the range of 0.60 to
0.67 and are much smaller than the values calculated
according to Terzaghi's theory. Therefore, it is veriﬁed from
the ﬁeld settlement measurement data that the primary
consolidation rate of peat is higher in the early phase of
consolidation and lower in the later phase of consolidation in
comparison to the rate obtained by Terzaghi's theory.On the other hand, the value for α in the Noto method is
constant at 0.62, as shown by Eq. (1). The value for α
obtained from the measured settlement in the test embank-
ments is constant, regardless of the natural water content, as a
representative physical property of peat, and the value is in
good agreement with the value for α in the Noto method. This
seems to be a reason why the Noto method can adequately
reproduce the primary consolidation rate of peat.5. Coefﬁcient of secondary consolidation
As the secondary consolidation of peat is remarkable (e.g.,
Mesri, 1973; Matsuo et al., 1986), it is another important factor
in predicting the settlement of a peaty ground. As measure-
ments past ts are only available for the Kushiro site, con-
solidation that has the linear relationship to the logarithm of
time for the site (Fig. 10) is regarded as secondary consolida-
tion, as described below.
The slope of this linear relation (i.e., the coefﬁcient of
secondary consolidation, Cα-measured¼Δε/Δlog t, based on the
measured values) is 5.3%. Regarding the coefﬁcient of
secondary consolidation at the Kushiro site, the measured
value (Cα-measured) is consistent with the value calculated by the
Noto method (Cα-Noto¼6.0%, Table 1). The measured settle-
ment at the Kushiro site proves that Eqs. (2), (3) and (6) of the
Noto method are applicable to the prediction of secondary
consolidation. However, this result is limited to the Kushiro
site. Further veriﬁcation is necessary in the future.6. Conclusions
For the purpose of verifying the applicability of a method
proposed by Noto (1991a) to predict the settlement of a peaty
ground from an engineering viewpoint, settlement data mea-
sured at three full-scale test embankments, built on a peaty
ground in Hokkaido, Japan, were analyzed. The main analysis
results are summarized as follows.
1) A comparison of the measured settlement and the calculated
settlement by the Noto method shows that the Noto method
is accurate in predicting the settlement with a margin of
error of 710%.
2) The temporal changes in the compressive strain rate during
primary consolidation (α) are based on the ﬁeld settlement
data, lie within the range of 0.60 to 0.67, regardless of
the water content as a representative physical property of
peat, and show a good agreement with the values for α
obtained by the Noto method. This is likely to be the reason
why the Noto method was able to adequately reproduce the
primary consolidation rate of peat.
3) Regarding the Kushiro site, the measured values for the
coefﬁcient of secondary consolidation (Cα-measured) and the
time of the onset of secondary consolidation are consistent
with the values calculated by the Noto method (Cα-Noto).
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